This paper presents the results of research on high performance concretes (HPC) modified by the addition of polypropylene fibres (PP fibres). The scope of the research was the measurement of the residual transport properties of heated and recooled concretes: gas permeability and surface water absorption. Seven types of concrete modified with fibrillated PP fibres were tested. Three lengths: 6, 12 and 19 mm and three amounts of fibres: 0, 0.9 and 1.8 kg/m 3 were used. The research programme was designed to determine which length of fibres, used in which minimum amount, will, after the fibres melt, permit the development of a connected network and pathway for gases and liquids.
I
The behaviour of high performance concrete (HPC) exposed to high temperature can prove a major limitation on the use of such concrete in the construction industry. HPC exposed to high temperature can be prone to explosive spalling, which could result in the exposure of steel reinforcement. This would create a vulnerability in the load-bearing capacity and stability of the structural element.
According to various sources (B [1] , H [2] , K et al. [3] ), the explosive behaviour of concrete is a combination of two phenomena occurring simultaneously in heated concrete: a thermo-mechanical effect and a hydro-thermal effect. The temperature increases the pressure of the gas and liquid contained in the material's pores, accompanied by rapid moisture vaporization within the surface area of the heated concrete (hydro-thermal effect). Additionally, the difference of thermal strains in layers of concrete with different temperature (thermo-mechanical effect) becomes apparent in the heated material, and the accumulated energy is released violently, resulting in the so-called explosive spalling. These two effects together cause unfavourable stresses in concrete. In situations where the stress exceeds the ultimate tensile strength of concrete and an explosive spalling can occur. As numerous tests have shown (K et al. [4] , N et al. [5] , H et al. [6] ), polypropylene fibres improve the stability of high performance concrete exposed to high temperature. At temperature close to 170
• C the fibres melt. The melted polypropylene is partly absorbed by the cement matrix [4] , creating a network of open pores, which increases permeability, and consequently reduces the internal pressure in heated concrete. However, the exact mechanism by which PP fibres work is still not fully explained. In the research conducted by K et al. [4] , an increase was observed in the micro-cracking of heated concrete with PP fibres compared to concretes without fibres. This suggested that the presence of fibres in the cement matrix may be considered as a discontinuity that favours the initiation and development of micro cracks during heating, contributing to an increase in concrete permeability. Moreover, it has been pointed out that while melting, polypropylene undergoes a transition from the crystalline to the amorphous phase (polypropylene density decreases from 910 kg/m 3 to 850 kg/m 3 ), which causes its volume increase by approximately 7% (P [7] ).
The results presented here are a continuation of the research carried out by the authors and described in H and T [8] . In that study, the properties of two types of concrete were compared: concrete without fibres and concrete with an addition of PP fibres amounting to 1.8 kg/m 3 . The results obtained suggested that the addition of PP fibres was effective and had the desired impact causing a considerable increase in concrete permeability after melting. The increase in the transport properties of the concrete was confirmed by measurements of its surface absorption, which demonstrated that the capillary porosity of concrete with fibres when heated to 160÷200
• C was higher than that one of concrete without fibres.
The results presented in this article provide a summary of the results of an extensive research program described partially in H and T [9, 10] . The aim of the research was to establish the optimum amount and length of PP fibres allowing to obtain an effective porous network and thus the reduction of pore pressure during heating. From the technical point of view, the use of polypropylene fibres in quantities amounting to 0.1÷0.2% of concrete volume is an effective way of limiting the occurrence of spalling in HPC; however, there are no reports that would clearly indicate the optimum fibre length. According to the percolation model presented by B [11] , given a fixed amount of fibre, long fibres should be more efficient.
The objective of this research was to assess the impact of temperature to which concrete is heated on concrete properties affecting its ability to allow liquid and gas transport. The research included the determination of such properties as gas permeability, surface water absorption and microporosity for several types of concrete before and after heating. These properties are the most relevant to the quantitative assessment of the effectiveness of polypropylene fibres as an additional limiting of the occurrence of spalling in HPC. Moreover, the impact of heating temperature on changes in the compressive strength of samples heated to temperature of 600
• C was also assessed.
M    
The study was carried out using concretes made from basalt aggregate and CEM I 52.5R cement. The quantitative and qualitative composition of all high-performance examined concretes was the same, with the exception of the amounts and lengths of the polypropylene fibres used. Fibrillated polypropylene fibres with lengths of 6, 12 and 19 mm, and in amounts of 0, 0.9 and 1.8 kg/m 3 were used for the the research. According to the figures quoted by the manufacturer, the melting temperature for the fibres was 163
• C, and their flash point was 360
• C. Moreover, the density of fibrillated fibers used in this study was 910 kg/m 3 . Cylindrical specimens of 150 mm in diameter and 50 mm high were used for gas permeability and surface water absorption measurements. These specimens were cut out from 150/300 mm standard cylinders. Compressive strength was determined by using 100 mm cubic specimens. All specimens were formed and cured in compliance with the PN-EN 12390-2 standard, and the tests were conducted after 90 days of curing. Detailed compositions of the concretes that were prepared, together with their designations, are shown in Table 1 . Table 1 Mix designs of HPC with and without PP fibres. Składy betonów BWW bez włókien z włóknami PP P P P P P P P P P P P P P P P P P P 
M   
Concrete samples were heated in a Nabertherm LH30/13 furnace at a constant rate of 1 • C/min. The heating rate was selected in accordance with the RILEM recommendations [14] aimed at limiting thermal stresses due to the thermal gradient in concrete specimen. After the target temperature was reached, the specimens were heated for further two hours in order to stabilise the temperature over their entire cross-section. The next stage was the free cooling of specimens in the furnace to the room temperature. Therefore, all the properties established were residual. This procedure was applied to all the samples examined.
3.1. P Gas (nitrogen) permeability was determined by using the RILEM-Cembureau method using the device shown in Fig. 1 and Fig. 2 . The permeability (k) was determined using following equation Eq. (3.1): Permeability measurements started with the determination of initial permeability for specimens dried to constant mass at temperature of 105
• C, according to the guidelines for the method applied described in RILEM Technical Recommendation [12] . Subsequently, the samples were heated to temperature ranging from 140 to 200
• C, and their permeability was measured following cooling. Fig. 3 . Influence of the heating temperature of concrete on its residual permeability. Each value is the average results of three measurements. Rys. 3. Wpływ temperatury wygrzewania na resztkowe wartości przepuszczalności. Każda wartość to średnia z trzech pomiarów
In Fig. 3 results of permeability measurements for seven concretes are shown. Each measurement series comprised three samples. The results of measurements presented in Fig. 4 show the ratio of permeability of concrete after heating to its permeability before heating (initial permeability).
An increase in heating temperature caused residual permeability increase. For concrete without fibres (B100) and concrete with a small addition of short fibres (B100/0.9/6), this increase was relatively small. At 160
• C, a significant increase in residual permeability started, and at the same time considerable differences with respect to its value started to emerge.
An addition of 12 mm and 19 mm long fibres had a very large impact on the increase of concrete permeability after heating. An addition of 0.9 kg/m 3 of 12 mm long fibres (B100/0.9/12) caused a 12-fold increase in permeability after heating to 200
• C compared to the initial value. When the amount of these fibres was doubled to 1.8 kg/m 3 , a 45-fold increase in permeability was recorded. While analysing the results of measurement, the immense impact of 12 mm fibre dosage was observed. For 19 mm long fibres, even higher permeability was recorded, but the impact of dosage was not as significant as for 12 mm long ones.
S W A
Changes in surface water absorption in g/cm 2 over time were measured for cylindrical specimens heated to 140, 160, 180 and 200
• C following permeability measurements.
The increase in specimen mass was recorded at intervals of 60 seconds and with an accuracy of ±0.01 g. During the measurements, one specimen surface was in permanent contact with water. Irrespective of the amount of water absorbed by the specimens tested, the water level remained constant during the measurement, i.e. for 72 hours. The measurement set-up is shown in Fig. 5 . The selected measurement results are presented in two sections. In section one, the test results depend on quantity of fibres used, and in section two, the test results depend on their length. In Fig. 6 , changes in surface water absorbability in kg/m 2 following heating for concrete specimena without addition of fibres and for concrete specimen with 0.9 and 1.8 kg/m 3 of 12 mm long fibres added are shown. The curves in Fig. 6 demonstrate significant variation in the magnitude of the increase in surface water absorption of the concretes tested, as a result of heating. Concrete without fibres (B100) exhibits an increase in the value measured during the initial heating phase for a heating temperature of 200
• C. A similar trend can be observed for concretes that contain 0.9 kg/m 3 of 12 mm long fibres. For a larger amount of fibres (1.8 kg/m 3 ), surface water absorption is begin to increase already in temperature exceeding 140
• C. This is reflected in the results of the residual permeability measurements presented above. Heating of the B100/1.8/12 concrete to 160
• C causes residual permeability increase of more than 25-fold, while for the B100/0.9/12 concrete, only a six-fold increase in the value measured was observed. As the tests carried out show, it is not only the quantity of PP fibres added that has an influence on the surface water absorption of heated concretes, but also their length. In general, as the length of the fibres used increases, changes in concrete surface water absorption become more pronounced. It is probable that 19 mm long fibres added to concretes heated to 160
• C or higher create a continuous network of interconnected capillary pores, which affects the magnitude of surface water absorption increase during the first few hours of soaking.
P
In order to explain the changes observed in properties affecting the ability of heated concrete to transport gas and water, tests were carried out to determine the microporosity distribution in mortars extracted from the HPCs tested. Concretes with additions of 0.9 kg/m 3 of 6 mm long fibres and 1.8 kg/m 3 of 19 mm long fibres were selected for testing. Measurements concerned the microporosity of concretes before heating and after heating to 180
• C. Measurement results are presented in Fig. 8 . Fig. 8 . Distributions of concrete mortar sample porosities determined using the mercury porosimetry method. Rys. 8. Rozkłady porowatości próbek zaprawy z betonów wyznaczone metodą porozymetrii rtęciowej Before heating, very similar porosity distributions were observed for the HPC mortars with differing additions of PP fibres. After heating to 180
• C, the overall porosity of B100/0.9/6 concrete mortar rose from 0.058 to 0.068 cm 3 /cm 3 , while for the B100/1.8/19 concrete, the increase was from 0.061 to 0.101 cm 3 /cm 3 . The change observed did not result from the additional porosity caused by the melting of polypropylene fibres. The result of the increase in the micro-cracking of heated concretes with fibres, described by K et al. [4] was most probable here.
R C S
Compressive strength and its change as a function of temperature was determined by using 100 mm cubic specimens. Two specimens of each concrete type were heated up to 120, 160, 200, 250, 400 and 600
• C, and their compressive strengths were tested after cooling.
Residual compressive strength and strength results for unheated specimens are presented in Fig. 9.a. In Fig. 9 .b, relative changes in residual compressive strength are shown. Fig. 9 . Heating temperature impact on absolute and relative changes in residual compressive strength. Rys. 9. Wpływ temperatury wygrzewania na bezwzględną i względną zmianę resztkowej wytrzymałości na ściskanie
It can be noted that as a result of heating up to 120
• C, the relative compressive strength decreases by about 25%, most probably due to the presence of humidity gradient in concrete specimens. As heating continued, the evaporation of free water from the material progress was observed and a partial restoration of strength (160, 200, 250
• C), which was related to the reduction of humidity gradients in a specimen. The influence of water movement during heating, and thus the presence of humidity gradient, on compressive strength was clearly shown by testing dried concrete specimen where absence of strength reduction in 120
• C was observed. (H [13] . Further heating led to steady decrease in strength caused, inter alia, by the dehydration of the CSH gel, portlandite decomposition and the destruction of the contact zone due to the different thermal expansion coefficients of cement paste and aggregate.
On the basis of the compressive strength test results shown above, it may be concluded that this property does not vary considerably for the seven compositions of concretes tested. The results obtained for unheated and heated concrete specimen without fibres do not differ significantly from the results obtained for concretes with 0.9 kg/m 3 and 1.8 kg/m 3 of PP fibres added.
C
The following conclusions may be proposed on the basis of the measurements presented above:
• Both the amount and length of polypropylene fibres added has an influence on the magnitude of changes in residual permeability caused by HPC heating.
• The greatest increase in the residual permeability of heated concretes could be observed in specimens in which 1.8 kg/m 3 of 12 or 19 mm long fibres were added.
• Permeability measurements using the RILEM-Cembureau method are very useful when evaluating the effectiveness of adding polypropylene fibres which, after melting, enables water vapour to be evacuated from heated concrete and its pressure to be reduced.
• The addition of polypropylene fibres to HPCs heated up to temperature ranging from 160 to 200 o C affects the capillary porosity of the cement matrix, which is confirmed by measurements of changes in surface water absorption over time.
• Microporosity measurements indicate a significant increase in the quantity of pores with diameters of less than 1 µm in concrete with fibres (B100/1.8/19) heated to 180 o C. The change observed does not stem from the additional porosity caused by melting polypropylene fibres, but is rather the result of an increase in the micro-cracking of heated concrete with PP fibres.
• Compressive strength determined as a function of temperature indicates that, for tested concretes, the presence of fibres and their length do not affect this property significantly.
• The presented research results confirm the need for further tests aimed at proving the beneficial effect of PP fibres on reducing spalling in real HPC elements during fires.
